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Commercially pure magnesium was processed by ECAP from the as-cast condition and also
processed by rolling followed by ECAP. The evolution of the microstructure was  tracked in
both processing routes and compared. The mechanical behavior was evaluated by compres-
sion  and tensile tests. The results show that ECAP reﬁnes the grain structure of magnesium
but  leads to heterogeneous grain size distribution. The use of an intermediate step of
rolling  facilitates grain reﬁnement and leads to homogeneous grain structure. Compres-
sion  tests were carried out at three different orthogonal directions and the results show the
development  of anisotropy. Signiﬁcant twinning activity is observed when the material is
compressed perpendicular to the die channels. Tensile tests show that ECAP decreases the
yield stress and increases the elongation of the material processed by rolling.© 2014 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. 
ture of metallic materials. Processing is usually carried out
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echniques of severe plastic deformation (SPD – severe plas-
ic  deformation) are widely used to reﬁne grain structure
nd  improve the mechanical properties of metallic materi-
ls.  These techniques differ from conventional metal forming
rocesses  because the plastic deformation is introduced with-
ut  changing the cross section of the samples [1]. ECAP (equal
hannel  angular pressing) is the most common SPD technique
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Este é um art[2]. This process is characterized by the pressing of a lubricated
sample  through a die that contains two channels with similar
sections  which intersect at an angle. The cross section of the
sample  is not altered after processing by ECAP and the process
can  be repeated several times [2].
ECAP has been widely used to reﬁne the grain struc- of the Pan American Materials Conference, São Paulo, Brazil, July
at  room temperature and homogeneous grain reﬁnement
is  observed throughout the material volume. However, pro-
cessing  magnesium alloys by ECAP is not trivial. Due  to the
tion. Published by Elsevier Editora Ltda. 
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Fig. 1 – Schematic illustration of the ECAP process and the
orientation  of the compression specimens machined after332  j m a t e r r e s t e c h
material brittleness, processing is usually carried out at high
temperature  and the mechanism of grain reﬁnement may
lead  to heterogeneous grain structure with multi-modal grain
size  distribution [3]. For example, recent papers reported the
development  of heterogeneous grain size distribution in com-
mercially pure magnesium processed by one pass of ECAP [4,5].
Thus,  in order to produce a homogeneous distribution of grain
size,  a different processing route must be followed.
The material processed by ECAP may  present mechanical
anisotropy, where their stress-strain behavior as well as the
yield  stress and work hardening rate may  vary according to
the  direction of load application with respect to the orienta-
tion  of processing by ECAP [6,7]. An early paper [6] reported the
mechanical  anisotropy in two commercial aluminum alloys,
Al-6061  and Al-7034 processed by ECAP for 6 passes. Com-
pression  and microhardness tests were performed in different
directions  at room temperature. The results show the devel-
opment  of an excellent uniformity in both alloys after 6
ECAP  passes [6]. Compression tests along different directions
showed  that the mechanical behavior of magnesium alloys
depend  on the number of passes of ECAP, processing route and
angle  between the channels of the die [7]. Anisotropy has also
been  reported in tensile testing of magnesium alloy processed
by  ECAP [8].
The  present paper aims to develop a processing route able
to  produce a homogeneous distribution of grain sizes in com-
mercially  pure magnesium (CP-Mg) by the introduction of a
preliminar step of rolling before ECAP and compare the grain
structure  with the structure produced by ECAP processing
only.  Also, the present work aims to evaluate the development
of  anisotropy in the mechanical behavior of CP-Mg processed
by  ECAP.
2.  Material  and  experimental  procedures
The material used in this work is commercially pure magne-
sium  provided by Rima as as-cast slabs. Prismatic billets with
10  × 10 mm2 cross section and ∼70 mm length were machined
from the as-received material and processed by ECAP. The
ECAP  die, has a square cross section channel 10 mm wide,
an  inner corner angle, ϕ, of 135◦ and an outer corner angle,
 ,  of ∼20◦. The material chosen to the die was  the H13 Tool
Steel.  The material was  processed by 3 ECAP passes, using
route  Bc, at 473 K with punch speed of ∼2 mm/s. A lubricant
with  molybdenum disulﬁde (MoS2) was  used to reduce friction
between  the billets and the die walls. After ECAP processing
compression samples were  machined with the compression
axis  aligned to three orthogonal directions: parallel to the bil-
let  axis (x), perpendicular to the die channels (y) and along
the  top-bottom direction (z). Fig. 1 illustrates the ECAP die and
the  orientation of the compression specimens. The specimens
had  4 mm diameter and 6 mm height. Each test was  repeated
3  times to avoid any interference of machining on the results.
Compression tests were  carried out at room temperature with
initial  strain rate of 10−3 s−1.Additionally, samples with ∼10 mm thickness were cut
from  the as-cast slabs and rolled at 673 K to a thickness
of  1 mm.  The rolled sheets were cut into rectangular plates
with  60 mm length, 9.4 mm width and 1.0 mm thickness. TheECAP.
plates were piled in groups of nine and covered with a cop-
per  sheet of 0.3 mm thickness to obtain a prismatic bar with
60  × 10 × 9.6 mm3 which was processed by 4 passes of ECAP at
473  K using route C. Tensile specimens were machined from
the  as-rolled and the rolled plus ECAP material. Testing was
carried  out in an Instron machine model 5582 at constant rate
of  cross-head displacement with initial strain-rate of 10−3 s−1.
The  microstructure of the material was  evaluated using
conventional metallographic procedures. Samples were
extracted  from the as-cast condition, the material processed
by  ECAP, the material processed by rolling and from the
material  processed by rolling and ECAP. The samples were
mounted  using polymeric resin, ground in abrasive papers
#180,  #400, #600, #1000 and #4000 and polished using 1 m
alumina  suspension in ethanol. The polished surfaces were
etched  with a solution of 5% nitric acid in ethanol to reveal
the  grain structure. Images of the sample longitudinal sec-
tion  were  recorded using optical microscopy. The grain size
was  determined by the mean linear intercept length. The
microstructure of selected samples subjected to compressive
strain was  determined following similar procedure.
3.  Results
3.1.  Mechanical  properties
The stress, , vs. strain, ε, curves determined in compres-
sion  tests at different directions in the material processed by
3 passes of ECAP are presented in Fig. 2. The curve of the
as-received material [5] is also shown for comparison. It is
observed  that the material processed by ECAP exhibits higher
ﬂow  stress, in all directions, compared with the as-received
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Fig. 2 – Stress, , vs. strain, ε, curves determined by
compression tests and strain-hardening rate, , vs. strain, ε,
curves  for the CP-Mg after ECAP processing. The stress vs.
strain  curve of the as-received material is also shown for
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Fig. 3 – Stress, , vs. strain, ε, curves determined by tensile
test  of the rolled material and the material subjected toomparison  [5].
aterial. It is also observed that the material processed by
CAP  exhibits differences in the yield stress, maximum stress
nd  in the work-hardening behavior, depending on the com-
ression  direction. It is worth noting that the material tested
long  the Y-direction (perpendicular to the ECAP die channels)
xhibits  a concave-up shape in the range of strain between
.02  and 0.05. In order to clarify the difference in the harden-
ng  behavior at different directions in the material processed
y  ECAP, the hardening rate,  = ∂/∂ε, is plotted as a function
f  the strain. It is observed that the material exhibits almost
onstant  hardening in the range of strain 0.01–0.03 in the Z-
irection  and in the range 0.01–0.06 in the X-direction but the
ardening  rate is lower in the latter compared to the former.
t  is also observed that the material exhibits a pronounced
ncrease in the hardening rate in the range 0.015–0.045 when
ested  in the Y-direction.
Fig.  3 shows the stress, , versus strain, ε, curves deter-
ined in tensile tests of the material processed by rolling andhe  material processed by rolling and ECAP and the hardening
ate,  , versus strain curves. It is observed that the material
rocessed by rolling exhibits higher yield stress and reduced
longation compared with the material processed by rollingrolling  + ECAP processing.
and ECAP. This shows that the processing by ECAP reduces
the  yield strength of the material. It is also observed that the
material  processed by ECAP exhibits higher hardening rate
which  leads to higher uniform elongation compared to the
rolled  material. It is worth noting that tensile tests were  car-
ried  out parallel to the rolling direction and parallel to the ECAP
exit  channel direction.
3.2.  Microstructure
Fig. 4 shows a representative image  of the grain structure of the
material  in the as-cast condition, displaying coarse grains with
average  size of ∼300 m.  Fig. 5 shows a representative image
of  the grain structure of the CP-Mg after 3 passes of ECAP. The
plane  of observation is parallel to the ECAP pressing direction.
It  is observed that the structure is heterogeneous with coarse
grains  with tens of micrometers surrounded by ﬁne grains of
∼5  m.
Fig.  6 shows representative images of the grain structure
of  the material processed by rolling (a) and processed by
rolling  + ECAP (b). The through-thickness direction is vertical
in  both images, the rolling direction is horizontal in Fig. 6a
and  the ECAP pressing direction is horizontal in Fig. 6b. It is
observed  that the grain structure is signiﬁcantly reﬁned after
334  j m a t e r r e s t e c h n o l . 2 0 1 4;3(4):331–337Fig. 4 – Microstructure of CP-Mg in the as-cast condition.
rolling. Some areas contain grains with tens of microns but
bands  of reﬁned grains of a few microns are also observed.
The  material processed by rolling + ECAP exhibits a completely
reﬁned  microstructure with average grain size of ∼5 m.  This
shows  that rolling + ECAP leads to a homogeneous grain struc-
ture  and ﬁne grain size.
Fig.  7 shows representative images of the grain structure of
the  material processed by 3 passes of ECAP from the as-cast
condition  and subjected to a strain of ∼0.04 in compression
along different directions. The plane of observation is parallel
to  the compression axis. The microstructure of the sample
tested  along the X-direction is shown in Fig. 7a, the material
tested  along the Y-direction is shown in Fig. 7b and along Z-
direction  in Fig. 7c. It is observed that the grain structure do
not  change after compression along the X-direction and the
Z-direction  but signiﬁcant twinning activity is observed in the
sample  compressed along the Y-direction.
Fig. 5 – Microstructure of CP-Mg processed by 3 passes of
ECAP.Fig. 6 – Microstructure of the CP-Mg processed by (a) rolling
and  (b) rolling + ECAP.
4.  Discussion
4.1.  Mechanical  behavior
Early papers have shown anisotropy in the stress vs. strain
curves  of magnesium alloys in tension [8] and in compres-
sion  [7]. It was shown that the yield strength and maximum
elongation varies depending on the testing direction [8]. The
yield  strength also varies depending on testing direction when
a  magnesium alloy is tested in compression [7]. The present
results  show that ECAP processing leads to anisotropy in the
mechanical  behavior of commercially pure magnesium as
well.  The anisotropy in compression is also affected by the
occurrence  of twinning. The present results show twinning
signature in the stress vs. strain curve of the material tested in
the Y-direction, corresponding to the concave-up shape. This
effect  is clearly observed in the hardening rate curve which
exhibits  an increase in hardening due to the occurrence of
twinning  in the Y-direction. It is worth noting that twinning
was  also reported in the magnesium alloy AZ31 when tested
in  compression along the Y-direction after ECAP processing.
This  effect was  observed after different number of passes,
j m a t e r r e s t e c h n o l . 2 
Fig. 7 – Microstructure of CP-Mg processed by 3 passes of
ECAP  and subjected to 0.04 strains in compression along (a)
X,  (b) Y and (c) Z directions.
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Processing magnesium by rolling at a higher temperature
ifferent processing routes and when processing was carried
ut  using dies with different angles [7].The occurrence of twinning during compression along the
-direction  was  conﬁrmed by the microstructural observa-
ions,  where a signiﬁcant amount of twins are observed in0 1 4;3(4):331–337  335
the  material subjected to a strain of only ∼0.04 in compres-
sion  along the Y-direction. The amount of twins observed
after  similar level of strain in the other directions was
signiﬁcantly lower. Thus, the present results show that CP-
Mg  develops anisotropy after processing by ECAP and that
signiﬁcant twinning takes place when the material is com-
pressed  along the direction perpendicular to the die channels,
Y-direction.
The  tensile behavior of the CP-Mg after rolling exhibits
higher yield stress and lower uniform elongation compared
with  its counterpart processed by rolling + ECAP. This suggests
that  ECAP processing decreases the yield stress and enhances
the  ductility of the material. However, the microstructure
shows that the last step of ECAP processing leads to a ﬁne
grain  structure. Therefore, the lower yield stress observed
after  rolling + ECAP must be attributed to texture effects. An
early  paper [8] showed that the yield strength decreases in a
magnesium alloy processed by extrusion when the material
is  processed by extrusion + ECAP. This effect is only observed
when  testing is carried out along the extrusion direction [8].
Thus,  the present results show that texture induced ductil-
ity  is also observed in rolled magnesium after processing by
ECAP.
4.2.  Microstructure
The present results show that different microstructures are
obtained  in CP-Mg when processed by ECAP, or rolling, or
rolling  + ECAP. The initial coarse grain structure is only par-
tially  reﬁned by 3 passes of ECAP leading to a bi-modal grain
size  distribution and the persistence of coarse grains. Coarse
grains  and heterogeneous distribution of grain sizes are also
observed  in the material processed by rolling only. How-
ever,  a homogeneous distribution of ﬁne grains is attained
by  rolling + ECAP processing. These microstructural evolutions
are  a consequence of the mechanism of grain reﬁnement
in  magnesium that differs from other metallic materials
processed by ECAP.
A  model that incorporates the different mechanism of
grain  reﬁnement in magnesium alloys has been proposed [3].
Fig.  8 [3] shows a schematic illustration of this model. In Fig. 8,
“d”  represents the mean grain size of the initial structure, and
“dc” represents the critical grain size which is the largest initial
grain  size that processing by ECAP leads to a homogeneous
structure. The grain reﬁnement routes depend on the initial
grain  structure, the size of the new grains and the amount of
strain  imposed. The new grains are formed along the grain
boundaries of the initial grains. If the new grains are signiﬁ-
cantly  smaller than the original grains, they will occupy only
a  small fraction of the volume of the material and the coarse
grains  persists. This sequence is illustrated in Fig. 8a–c. This
grain  structure evolution is in agreement with the observed
grain  structure after ECAP only. Since the size of the new
grains,  ∼5 m,  is much  smaller compared with the size of
the  initial grains the grain structure is heterogeneous after 3
passes of ECAP.leads to the formation of larger grains which are illustrated
in  Fig. 8d and e. Further processing by ECAP leads to a com-
plete  reﬁnement of the grain structure and the formation of
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Initial
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
(j) (k)
d>>dc
d>dc
d<dc
After ECAP
d>dc
Fig. 8 – Illustration of the grain reﬁnement mechanism of magnesium and its alloys processes by ECAP. Different initial grain
structures are illustrated in different lines and different stages of deformation with different imposed strains are illustrated
 the in different rows. The new grains are depicted in gray while
a homogeneous distribution of grains. This sequence is illus-
trated  in Fig. 8g–i. Therefore a processing route was  developed
in  order to achieve homogeneous distribution of ﬁne grains in
CP-Mg from a coarse as-cast structure. The processing route
includes  an intermediate step of rolling at high temperature
and  ﬁnal processing by ECAP at lower temperature. It is worth
noting  that early attempt to process CP-Mg by ECAP failed to
produce  ﬁne grain sizes [9]. Recently, pure magnesium with
initial  grain size of ∼200 m was  processed by ECAP through
different routes and it was  reported that ﬁne grain sizes in the
range  of 8 m are formed but coarse grains of ∼20 m persists
after  4 passes of ECAP [10]. Thus, the grain structure formed
by  rolling + ECAP is ﬁner and more  homogeneous than ECAP
only.
The  introduction of an intermediate step of processing
before ECAP has been used to process magnesium alloys for
a  while. The most used method of intermediate processing
is  extrusion and the processing route is known as EX-ECAP
[11–13].  Rolling has also been used as intermediate step of
processing  before ECAP [14,15].original grains are depicted in white background [3].
5.  Summary  and  conclusions
Commercially pure magnesium was  processed by ECAP with
and  without an intermediate step of rolling from the as-
cast  condition. Compression and tensile tests were  used to
determine  mechanical behavior and the microstructure was
evaluated.  The following conclusions are drawn:
(1) ECAP introduces anisotropy in the CP-Mg and signiﬁcant
amount of twinning is observed when the material is com-
pressed  perpendicular to the die channels.
(2) ECAP softens and improves the ductility of the rolled CP-
Mg.
(3)  Processing by ECAP leads to heterogeneous distribution of
grain  sizes and persistence of coarse grains after multiple
passes.(4)  Processing by rolling + ECAP is an effective route to
obtain homogeneous grain distribution with ﬁner grain
sizes.
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